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Apicomplexa are obligate intracellular parasites that
actively invade host cells using their membrane-
associated, actin-myosin motor. The current view is
that host cell invasion by Apicomplexa requires the
formation of a parasite-host cell junction, which has
been termed the moving junction, but does not
require the active participation of host actin. Using
Toxoplasma gondii tachyzoites and Plasmodium
berghei sporozoites, we show that host actin partic-
ipates in parasite entry. Parasites induce the forma-
tion of a ring-shaped F-actin structure in the host
cell at the parasite-cell junction, which remains
stable during parasite entry. The Arp2/3 complex,
an actin-nucleating factor, is recruited at the ring
structure and is important for parasite entry. We
propose that Apicomplexa invasion of host cells
requires not only the parasite motor but also de
novo polymerization of host actin at the entry site
for anchoring the junction on which the parasite pulls
to penetrate the host cell.
INTRODUCTION
Apicomplexa constitute a large phylum of protozoa that para-
sitize animals. Chief among those that are pathogenic to humans
is Plasmodium, the causative agent of malaria, which continues
to kill up to 2 million people each year. Another medically impor-
tant Apicomplexa is Toxoplasma, which infects about a third
of the world’s population and can induce severe manifestations
in the congenitally infected fetus and in immunocompromised
individuals.
Apicomplexa are obligate intracellular parasites that multiply
inside cells of their vertebrate hosts. For invading host cells,
they develop into specialized stages called zoites. Zoites are
elongated and polarized cells limited by a set of singlet microtu-
bules that emanate from the anterior pole and run longitudinally
underneath the plasma membrane (Fowler et al., 2004). They
glide at high velocity (1–5 mm/s) on solid substrates, by engagingCell Ha linear motor located between the microtubule skeleton and the
plasma membrane. Much progress was made in recent years in
the molecular characterization of this unique motor, mainly using
the Toxoplasma tachyzoite and the Plasmodium sporozoite
models (Sibley, 2004; Heintzelman, 2006). This motor integrates
actin (Schu¨ler and Matuschewski, 2006) and a class XIV myosin,
MyoA, a fast, plus-end-directed and nonprocessive motor
(Meissner et al., 2002; Herm-Go¨tz et al., 2002) that is anchored
via several associated proteins (Bergman et al., 2003; Gaskins
et al., 2004) to a pair of membranes lying on the microtubule skel-
eton. In the currently accepted view, the force that drives the
zoite forward originates from MyoA sliding over fixed F-actin fila-
ments connected to the substrate via transmembrane proteins
of the TRAP family (Sultan et al., 1997; Kappe et al., 1999; Jewett
and Sibley, 2003; Sibley, 2004; Bosch et al., 2007).
Most apicomplexan zoites invade host cells in a rapid process
lasting a few seconds (less than a minute), which leads them
inside a parasitophorous vacuole (PV) without significant modifi-
cation of the host cell surface. When adhering to the cell surface,
zoites discharge the content of apical secretory organelles,
named micronemes and rhoptries, and induce the formation of
a host cell-parasite junction (Aikawa et al., 1978). This junction
is a circumferential zone of intimate apposition of the parasite
apical tip and the cell membrane. It is first visible as a cap around
the apical pole of the zoite and then as a ring around the constric-
tion in the entering zoite. Although the junction seems to be fixed
relative to the host cell surface, it is referred to as the moving
junction (MJ) and is typically described as ‘‘migrating down’’
the length of the zoite during entry (Alexander et al., 2005;
Carruthers and Boothroyd, 2007; Boothroyd and Dubremetz,
2008). The nature of the parasite and host cell proteins that
make up the junction is still unknown. The TRAP family of
proteins might link parasite actin to the host cell receptors during
cell invasion, similarly to their role during gliding motility. Another
candidate for this function is the transmembrane protein AMA-1,
which, along with a complex of secreted proteins called RON,
has been proposed to play a central role in the formation of the
junction between the Toxoplasma tachyzoite and the host cell
(Mital et al., 2005).
Little is known about the contribution of the host cell during
zoite internalization. So far, no host cell receptor has been iden-
tified at the MJ, with the notable exception of the junctionost & Microbe 5, 259–272, March 19, 2009 ª2009 Elsevier Inc. 259
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2003; Persson et al., 2008). Studies on the Toxoplasma tachy-
zoite have led to the prevailing view that the host cell does not
play an active role during entry. Entry was reported to depend
on viability of the parasite, but not the host cell, as parasites
invade lightly fixed host cells (Nichols and O’Connor, 1981). In
contrast to phagocytosis of opsonized parasites, zoite entry
was not found to be associated with detectable reorganization
of host actin or tyrosine phosphorylation of host proteins (Mori-
saki et al., 1995; Sibley, 1995). Moreover, a combination of
epithelial cell and Toxoplasma gondii mutants resistant to cyto-
chalasin D (cytD), a drug that destabilizes actin filaments and
prevents actin polymerization, was used to determine the contri-
bution of host and parasite actin during zoite invasion (Dobro-
wolski and Sibley, 1996). While invasion of wild-type parasites
into resistant host cells was blocked by cytD, confirming the
importance of actin polymerization in the parasite, resistant
parasites still invaded normal host cells in the presence of the
drug, suggesting that invasion does not require actin polymeriza-
tion in the host cell (Dobrowolski and Sibley, 1996). It is now
widely accepted that the host cell is essentially passive during
zoite entry and that the process completely depends on the
parasite cytoskeletal system alone (Sibley, 2004; Carruthers
and Boothroyd, 2007; Bradley and Sibley, 2007; Boothroyd
and Dubremetz, 2008) and does not demand anything of the
host cell except its membrane (Alexander et al., 2005).
In this study, we present direct evidence that host cell F-actin
accumulates underneath a clearly stable MJ and contributes to
zoite internalization into the host cell.
RESULTS
Host Cell Invasion by Toxoplasma Tachyzoites Resistant
to Cytochalasin D
The view that actin polymerization is important in the zoite, but
not in the host cell, is mainly based on the observation that Toxo-
plasma tachyzoite mutants resistant to cytochalasin D (cytD) still
invade host cells in the presence of low doses (0.1–0.2 mM) of
cytD (Dobrowolski and Sibley, 1996). We analyzed the entry of
cytD-resistant tachyzoites into HFF cells in the presence of the
drug by scoring the number of intracellular parasites after 1 hr
incubation (Figure 1A). HFF cells were either pretreated or not
for 25 min with the drug and incubated with cytD-resistant tachy-
zoites in the presence of the drug, and the number of intracellular
tachyzoites was evaluated by immunostaining the tachyzoite
surface protein P30 under nonpermeabilizing conditions. Inde-
pendent of cytD pretreatment, host cell invasion by resistant
tachyzoites decreased in the presence of the drug in a dose-
dependent manner. At low doses of cytD, tachyzoite motility is
unaffected (Figure 1B, bottom insets). Therefore, the decrease
in host cell invasion by resistant tachyzoites may result from
the effect of the drug on host cell actin. Since at higher doses
of cytD, tachyzoite motility is impaired as assessed by the reduc-
tion in the number of trails (Figure 1B, bottom insets), the
decrease of host cell invasion by tachyzoites may be due to
a combination of effects of the drug on parasite and host actin.
Therefore, the data from cytD-resistant tachyzoites do not rule
out an involvement of host actin during tachyzoite entry into
host cells.260 Cell Host & Microbe 5, 259–272, March 19, 2009 ª2009 ElsevieHost Cell F-Actin Reorganization during Entry
of Toxoplasma Tachyzoites
Toxoplasma tachyzoites are ideal for imaging the rapid host cell
invasion events by apicomplexan zoites because they enter
cells with high efficiency and their entry into cells can be
synchronized. In invasion assays using a multiplicity of infection
of 10 and 4 min incubation at 37C, 7%–20% of the total
number of zoites in the observation fields are in the process
of entering cells, i.e., display a characteristic constriction of
the zoite at the MJ. The constriction of the entering tachyzoite
can be localized by immunostaining the surface protein P30,
which under nonpermeabilizing conditions sharply demarcates
the extra- and intracellular portions of the zoite (Figures 2A–2D,
S1A, and S1B), as well as RON4 (Figures 2E, 2F, and S1C), a
tachyzoite-secreted protein that redistributes to the MJ (Lebrun
Figure 1. Cell Invasion by Cytochalasin-Resistant Tachyzoites Is
Inhibited by Cytochalasin
(A) HFF invasion by cytD-resistant T. gondii zoites is impaired with increasing
doses of cytD. HFF cells were pretreated or not with cytD and incubated with
cytD-resistant tachyzoites in the presence of increasing concentrations of the
drug. Intracellular tachyzoites were counted using the in-out labeling assay for
300 cells (mean ± SEM for three separate experiments each performed in trip-
licate). Top insets: phalloidin staining of HFF cells after the invasion assay,
showing the effect of cytD (pictures taken without cytD pretreatment).
(B) Ratio between the number of P30-labeled trails with length >3 mm and
number of parasites per field (mean ± SEM for ten randomly chosen fields
and two separate experiments). Bottom insets: P30 labeling of trails left behind
cytD-resistant tachyzoites gliding on glass coverlips. Scale bars, 10 mM.r Inc.
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(A–F, H, and I) Host cell F-actin forms a ring at the T. gondii MJ and delineates the parasitophorous vacuole (PV) during cell invasion. Tachyzoites were fixed in the
process of or immediately after entry in fibroblastic (NRK; A, C, E, and H) and in epithelioid (U373; B, D, F, and I) cells. Tachyzoites were labeled with anti-P30
antibodies under nonpermeabilizing conditions (A–D) or with anti-Ron4 antibodies to stain the MJ (E and F; see white arrows). Cells were then permeabilized with
Triton X-100, and host F-actin was stained using Alexa Fluor 488-phalloidin. In (A)–(F), images represent Z section of 0.2 mm. In (H) and (I), 3D images were
reconstituted from 20 to 28 Z layers. Scale bar, 5 mm.
(G) Histogram represents the percentage of half-in/half-out tachyzoites that displayed a positive F-actin ring at the MJ for NRK cells (mean ± SEM for two separate
experiments each performed in duplicate).et al., 2005; Alexander et al., 2005). To examine host cell actin
during parasite entry, tachyzoites and host cells were incu-
bated for 4 min at 37C, stained with fluorescently labeled phal-
loidin, a fungal peptide that binds to actin filaments, and exam-
ined by confocal microscopy. A brightly fluorescent F-actin
structure was associated with the majority of entering zoites
in various cell types (Figures 2A–2F, S1A, and S1B). In NRK
cells, 77% of the entering zoites associated with F-actin
(Figure 2G). The actin structure was typically seen as two
dots in a given focal plane (Figures 2D and S1A), and appeared
ring shaped (Figures 2A, 2B, and S1B) in 3D reconstructions
using Imaris (Figures 2H and 2I). The F-actin focus, along
with a RON4 dot, was also clearly visible at the posterior end
of the intracellular zoite at the moment of vacuole fission from
the membrane (Figures 2E and 2F). These data indicate that
an F-actin structure is localized at the MJ throughout the tachy-
zoite entry process.
Next, we imaged by videomicroscopy the dynamics of host
actin during tachyzoite penetration into NRK cells or HeLa cells
transiently expressing an actin-GFP fusion (Movies S1 and S2).
A representative time-lapse view of tachyzoite entry into either
cell type is shown in Figures 3A and 3B. Parasite entry was asso-
ciated with an accumulation of F-actin around the apical tip of
the adherent zoite, progressively appearing as two lateral dots
around the constricted area of the entering zoite, and finally
reassembling in the late stages of entry as a puncta, and left
behind the posterior end of the internalized zoite. On average,Cell Hthe residual F-actin focus disappeared within 10 min after PV
fission from the plasma membrane (Movie S3). Tracking trajecto-
ries using ImageJ confirmed that the F-actin structure was fixed
relative to the host cell, with the zoite actively moving through it
(Figures 3C and 3D). Therefore, as expected, the MJ remains
stable on the host cell throughout the entry process.
Phalloidin staining also showed the presence of a thin rim of
weaker fluorescence around the membrane of the zoite-contain-
ing vacuole (Figures 2E, 2F, and 3E–3G). F-actin staining was
visible at the early stage of vacuole invagination and persisted
around intracellular vacuoles but was not detected beneath the
contact area with extracellular adhering tachyzoites (n > 100
adhering tachyzoites, illustrated in Figure 3E). Using the four
cell types, an average of 70% of the intracellular tachyzoites
observed in samples fixed after 6 min were surrounded by an
F-actin rim (Figure 3H). The thin basket of F-actin around the
PV was no longer present after 10 min postentry, probably disas-
sembling during trafficking of the PV toward the cell nucleus.
Host Cell F-Actin Reorganization during Entry
of Plasmodium Sporozoites
Unlike Toxoplasma tachyzoites, Plasmodium sporozoites do not
invade cultured cells inside a PV synchronously, but asynchro-
nously after a period of host cell traversal during which they
breach the plasma membrane of, and glide through, cells
(Mota et al., 2001). Cell traversal-deficient Plasmodium berghei
sporozoites, generated by inactivation of either the SPECT orost & Microbe 5, 259–272, March 19, 2009 ª2009 Elsevier Inc. 261
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Host Cell Actin Assembly during Apicomplexa EntryFigure 3. Time-Lapse of T. gondii Tachyzoite Entry and F-Actin Staining around the PV
(A–E) Time-lapse recording of T. gondii tachyzoites entering actin-GFP-expressing NRK (A and C) and HeLa (B and D) cells. In (A) and (B), four frames were
selected at different times during zoite entry. In (C) and (D), trajectory tracking was applied to the entire film sequences (Movies S1 and S2) using Image J.
The fixed reference within the cell was assigned a red label while the GFP-actin structure was marked in blue and the apex of the zoite in green. Tracking showed
that the F-actin structure at the MJ was fixed relative to the host cell. In (E), a thin rim of F-actin surrounded the PV containing a P30-negative tachyzoite in a HeLa
cell (arrows) but not underneath adhering extracellular P30-positive tachyzoites.
(F) In NRK cells, a ring of F-actin persisted at the MJ where the PV pinches off (arrowhead). Scale bar, 5 mm.
(G and H) Representative F-actin recruitments around nascent or newly formed PV in a multi-infected HeLa cell (G, left: transmission; right: fluorescent phalloidin).
In (H), percentage of phalloidin-positive vacuoles for four types of host cells (mean ± SEM for three separate experiments each performed in triplicate) is shown.the SPECT2 genes (Ishino et al., 2004, 2005), invade host cells
with the same efficiency than the wild-type but upon the first
zoite-host cell interaction (Amino et al., 2008). After 4 min incuba-
tion with host cells, 2%–5% of the mutant sporozoites in the
observation fields are in the process of entering host cells (Amino
et al., 2008).
To examine host actin during sporozoite entry events, cell
traversal-deficient SPECT2() sporozoites were incubated with262 Cell Host & Microbe 5, 259–272, March 19, 2009 ª2009 ElsevierU373 or HepG2 cells, the latter being the reference cell type
for sporozoite invasion assays. After 4 min, samples were fixed,
stained using antibodies directed against the major sporozoite
surface protein, the circumsporozoite (CS) protein, and permea-
bilized prior to incubation with fluorescent phalloidin. Confocal
microscopy analysis showed that virtually all entering sporozo-
ites, i.e., having only a portion of their length stained by anti-
CS antibodies, were associated with a bright host actin stainingInc.
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cells by passing through a tight constriction, sporozoites are thin
and their constriction during entry is less pronounced (Figures
4B–4E). In fact, in 40% of the cases (Figure 4A) the F-actin stain-
ing visible around entering sporozoites appeared as a sheath
(Figures 4B–4E), possibly including the area of the MJ and the
nascent vacuole. Applying a spectrum of pseudocolor to the
images with ImageJ allowed the quantification of the fluores-
cence intensity, which indicated that the brightest F-actin signal
coincided with the MJ area (Figure 4F). Lastly, 50% of the fully
internalized sporozoites were surrounded by a rim of F-actin,
similarly to intracellular tachyzoites (not shown).
Actin Dynamics Is Required for Zoite Entry
into Host Cells
To test whether actin dynamics in the host cell was important for
zoite internalization, we first performed invasion assays in U373
cells pretreated with jasplakinolide, which binds to actin fila-
ments and prevents their disassembly (Senderowicz et al.,
1995; Spector et al., 1999; Cramer, 1999). Cells were incubated
for 30 min in the presence of increasing concentrations of jaspla-
kinolide (0.20–0.75 mM), extensively washed, and then incubated
with tachyzoites or cell traversal-deficient sporozoites in the
absence of the drug for 15–30 min, respectively. Extracellular
parasites were then selectively stained with antibodies against
the surface P30 or CS proteins while whole parasite populations
were stained using the Hoechst nuclear dye, and the numbers of
intracellular and extracellular zoites were counted by micros-
copy. To visualize the effect of jasplakinolide on host actin, we
took advantage of the competitive binding of jasplakinolide
and phalloidin to F-actin (Bubb et al., 1994). We incubated
jasplakinolide-treated cells with fluorescent phalloidin under
permeabilizing conditions following drug washout (Figure 5A,
T = 30 min) and at the end of the invasion assay (Figure 5C,
T = 45 min). Treating the cells with increasing concentrations
of jasplakinolide progressively decreased the intensity of phalloi-
din staining (Figure 5B), and a normal actin network was only
recovered16 hr after removing the toxin (Figure 5C, right inset),
confirming the dose-dependent and slowly reversible effect of
jasplakinolide on host actin. Jasplakinolide pretreatment of
host cells significantly impaired internalization of tachyzoites
and sporozoites in a dose-dependent way (Figures 5D and 5E),
while zoites were still capable of gliding over treated host cells
(not shown). Morevover, while the proportion of internalized
zoites decreased, the proportion of zoites bound to the cell
surface, frequently in a ‘‘half in-half out’’ position, increased
with increasing concentrations of jasplakinolide. As a control,
we tested entry and motility of Listeria monocytogenes, which
invades host cells in a zipper-like mechanism by inducing actin
rearrangements and moves inside cells by generating F-actin
comets (Seveau et al., 2007; Lambrechts et al., 2008). As
expected, jasplakinolide impaired both entry and intracellular
motility of L. monocytogenes in a dose-dependent manner
(Figures 5F and 5G).
Next, we tested the effect of mycalolide B, a marine toxin that
irreversibly severs actin filaments and sequesters monomers
(Saito et al., 1994), on zoite entry. U373 cells were incubated
for 20 min with 0.1–5 mM mycalolide B, the drug was washed
out, zoites were incubated with treated cells for 25 min, andCell Hthe number of intracellular zoites was scored using selective
fluorescent labeling of extracellular zoites. As shown in Figures
5H–5J, both tachyzoite and sporozoite entry was markedly
impaired in a dose-dependent way in cells exposed to mycalo-
lide. Invasion was decreased 10-fold in cells treated with
1–5 mM of the toxin. Despite clear changes in cell shape at higher
toxin concentrations due to disruption of actin filaments, tachy-
zoites were still bound to host cells (Figures 5H and 5I). Thus, the
impairment of host cell invasion upon host cell exposure to two
different actin-destabilizing drugs indicates that actin dynamics
in the host cell is important for the zoite entry process.
Arp2/3 and Cortactin, but Not Annexin-2, Colocalize
with the MJ around Entering Toxoplasma Tachyzoites
We next investigated whether the actin-related protein 2/3
(Arp2/3) complex was recruited at the T. gondii MJ. The Arp2/3
complex is a central player in the regulation of actin polymeri-
zation by acting as a template for the initiation of new actin
filaments that branch off of existing filaments, generating
Y-branched ‘‘dendritic’’ actin networks (Schafer et al., 1998;
Mullins et al., 1998). As a preliminary control of the immunolocal-
ization of the Arp2/3 P34 subunit (ARPC2), we stained U373 cells
after a brief stimulation with epidermal growth factor (EGF) and
verified the EGF-induced recruitment of the Arp2/3 complex at
the leading edge of the cell (Figure 6A). When U373 cells incu-
bated with tachyzoites were stained with anti-P34 antibodies
(Figures 6B, 6C, and S2A–S2C), a localized Arp2/3 signal was
observed associating with the MJ in88% of the entering zoites
(n = 38). A similar recruitment of Arp2/3 was detected in NRK
fibroblasts during tachyzoite entry (Figures 6D–6F and S2D)
and typically followed the parasite constriction throughout the
entry process (Figures 6B–6F and S2A–S2D). No Arp2/3 signal,
however, was detected in the vicinity of zoites attached to the
cell surface (Figures 6B, 6E, and S2C) or around fully internalized
zoites (Figures 6C and 6D), while a faint signal was sometimes
detected around the PV membrane during PV formation
(Figure 6F). Thus, the Arp2/3 complex is specifically recruited
at the MJ during tachyzoite entry into host cells.
Arp2/3 possesses low intrinsic actin nucleating properties,
and can be activated by nucleation promoting factors (NPF) of
class I and II (Welch and Mullins, 2002). Among class II NPF is
cortactin, which binds to both the Arp2/3 complex and F-actin
through its N-terminal acidic domain and the following repeat
domain, respectively. When NRK, HeLa, and U373 cells were
incubated with tachyzoites and stained with anti-cortactin anti-
bodies (4F11), a sharp signal was observed around 76% of
the entering tachyzoites (n = 47) (Figures 6G–6K, and S2E–
S2H), again delineating the MJ throughout the entry process
from an initial anterior cap (Figure 6G) to a ring structure (Fig-
ure 6H and S2E–S2H) frequently visible as two lateral dots
(Figures 6I, 6J, S2F, and S2G). In contrast to Arp2/3 staining,
a thin layer of cortactin staining was frequently observed
surrounding the nascent PV membrane (Figures 6K, 6J, and
S2H). Like for F-actin, and in agreement with the cortactin ability
to bind F-actin, a thin rim of cortactin was also detected for
several minutes around fully intracellular PV (Figure 6I).
Annexin-2 is a highly abundant and ubiquitous Ca2+-
binding protein that is present both as a cytosolic monomer
and as a heterotetrameric complex constitutively located at theost & Microbe 5, 259–272, March 19, 2009 ª2009 Elsevier Inc. 263
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maintaining the plasticity of the dynamic membrane-associated
actin cytoskeleton (Gerke et al., 2005). To test whether annexin-2
was also recruited at the MJ, we performed invasion assays with
U373 cells and stained the cells with anti-annexin-2 antibodies
(Figures 6L and 6M). As expected, annexin-2 was detected
in the cytosol and associated to the plasma membrane of the
host cell. In contrast, no signal was detected at the MJ, while
a staining was visible around the PV membrane. Therefore,
although annexin-2 binds and bundles F actin (Hayes et al.,
2006), it was not enriched in the F-actin ring induced by the
entering zoite as illustrated by the heat-map of annexin-2
(Figure 6L, right panel). The lack of recruitment of annexin-2
also indicates that the recruitments of the Arp2/3 complex and
cortactin were indeed specific.
Figure 4. F-Actin Staining at the MJ during P. berghei
Sporozoite Entry into Host Cells
(A) Percentages of entering and intracellular sporozoites asso-
ciated with an F-actin sheath or rim, respectively.
(B–E) The extracellular part of invading sporozoites in HepG2
(B and C) and U373 (D and E) cells was labeled with anti-CS
protein antibodies prior to F-actin staining. Images represent
Z sections of 0.2–0.4 mm.
(F) Pseudocolor applied to the phalloidin Z image of a sporo-
zoite entering in a HepG2 cell shows a maximum intensity
(blue) at the MJ area.
Roles of the Arp2/3 Complex and Cortactin
in Host Cell Invasion by Toxoplasma
Tachyzoites and Plasmodium Sporozoites
The class I NPF, such as WASP, N-WASP, and
Scar/WAVE (Welch and Mullins, 2002; Goley and
Welch, 2006), are potent activators of the Arp2/3
complex. Peptides derived of these NPF are widely
used to impair the functions of the Arp2/3 complex
by acting as dominant negative molecules that
sequester the Arp2/3 complex and displace it
from the cell leading edge (Machesky and Insall,
1998; Shao et al., 2006). Cells were transfected
with empty plasmids (Myc) or plasmids expressing
the Myc-tagged WA (Myc-WA) and W (Myc-W)
peptides, which are derived from the C-terminal
domains of Scar1 and sequester or do not
sequester the Arp2/3 complex, respectively. Zoite
invasion was assessed 20 hr after transfection,
when the percentage of peptide-expressing cells
varied between 49% and 64% (data not shown),
by counting the number of intracellular zoites after
1 hr incubation with cells. In three separate exper-
iments, we evaluated the total number of intracel-
lular tachyzoites in 500 cells expressing the W
peptide or the WA peptide and found that the level
of infection was significantly decreased in cells ex-
pressing the WA peptide compared to cells ex-
pressing the W peptide or no peptide (Figure 7B).
Finally, we tested the entry of wild-type, GFP-ex-
pressing P. berghei sporozoites into transfected
HepG2 cells. After 1 hr sporozoite invasion, cells were labeled
for expression of Myc-tagged peptides, and invasion of green
fluorescent sporozoites and expression of the Myc tag were
determined by flow cytometry on 100.000 cells per sample. In
the cell population transfected with Myc-W, sporozoites invaded
with similar efficiency the cells that expressed or did not express
the peptide (Figure 7B). By contrast, in the cell population trans-
fected with Myc-WA, sporozoites invaded less efficiently the
cells that expressed the peptide (Figure 7B). Together, these
results confirm that the Arp2/3 complex is functionally involved
in entry of apicomplexan zoites into host cells. In control exper-
iments using L. monocytogenes and as already reported (Sousa
et al., 2007; Lambrechts et al., 2008), fewer L. monocytogenes
were recovered from HeLa cells expressing the WA peptide
than from cells expressing the W peptide (Figure 7C), and
264 Cell Host & Microbe 5, 259–272, March 19, 2009 ª2009 Elsevier Inc.
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cells expressing the WA peptide than the W peptide (not shown).
To address the role of cortactin during parasite entry, we
knocked down the gene using RNA interference in either HeLa
or HepG2 cells with siRNA targeting cortactin (cortsiRNA) (Sau-
vonnet et al., 2005) or with irrelevant siRNA. In HeLa cell popula-
tions for which expression of cortactin was reduced by 92%
(Figure 7D, top inset), the rate of tachyzoite infection was signif-
icantly diminished when scoring intracellular parasites using the
‘‘in-out’’ labeling assay (Figure 7D, right panel). To improve the
accuracy of cell invasion scoring, we analyzed much larger
HeLa cell samples by flow cytometry (n = 20.000 cells per
sample) after infection with tachyzoites expressing GFP and
found that cortactin depletion led to a statistically significant
decrease in cell invasion (Figure 7D, left panel, p < 0.01). Further
analysis of the GFP fluorescence intensity profile showed two
peaks presumably corresponding to cells infected with a single
or few parasites and to cells containing a higher amount of tachy-
zoites. Interestingly, the overlapping dominant peak in control or
GFPsiRNA samples represented multi-infected cells by contrast
to the major peak obtained for cort siRNA, which was displaced
toward a lower load of parasites. This analysis emphasizes the
negative effect of cortactin depletion on multiple infections. Cor-
responding experiments in HepG2 cells showing a >95% reduc-
tion in cortactin expression (Figure 7E, top inset) did not produce
the same decrease in P. berghei sporozoite invasion. Invasion
rates by GFP-expressing sporozoites were scored by FACS
analysis (n = 100.000 cells per sample) and were not found to
be statistically different in cortsiRNA-transfected and control
cells (p > 0.5, Figure 7E).
DISCUSSION
Invasive bacteria enter host cells by inducing the reorganization
of host cell actin and the formation of cell surface extensions that
progressively internalize the passive bacterium (Cossart and
Sansonetti, 2004). By contrast, apicomplexan zoites enter host
cells using their own actin-myosin motor and without causing
any major alteration of the host cell surface. In disagreement
with the accepted model of a passive host cell during entry by
apicomplexan zoites, the results presented in this study indicate
that de novo polymerization of host actin is important for the
zoite to pass through a stable MJ.
During the entry of both Toxoplasma tachyzoites and Plasmo-
dium sporozoites, an F-actin structure was almost invariably
observed in the host cell at the site of zoite entry. The F-actin
structure around entering sporozoites was typically diffuse and
sheath-like, while the structure around entering tachyzoites
was restricted to a ring around the MJ. In this latter case, the
F-actin structure was visible as a cap facing the apical end of
the adhering zoite, then as a ring around the constriction in the
entering zoite, and finally as a dot left behind by the intravacuolar
zoite. The F-actin staining colocalized with RON4, a protein
associated with the MJ (Lebrun et al., 2005; Alexander et al.,
2005), suggesting that the F-actin structure anchors the MJ to
the underlying cortical actin network. The presence of the
Arp2/3 complex and cortactin at the MJ, and the absence of
annexin-2, a protein highly abundant in areas of dynamic
membrane-cytoskeleton associations, suggest that the Arp2/3Cell Hcomplex and cortactin are actively recruited rather than
passively displaced or trapped at the MJ during entry of the
bulky zoite. Video-microscopy clearly showed that the F-actin
structure, and the associated MJ, was fixed relative to the host
cell surface, in agreement with the model where the force of
the entry process is entirely provided by the zoite pulling on
a stabilized MJ.
It is likely that the actin reorganization during zoite invasion
needs more than just the induction of actin polymerization at
the MJ. Local disorganization of the cortical actin network is
probably required to permit the invagination of the parasito-
phorous vacuole membrane (PVM) and entry of the zoite. We
detected F-actin around the PVM, during formation or transiently
(<10 min) after closure of the PV, but its functional significance is
uncertain. The F-actin staining around the PVM was weak and
colocalized with annexin-2, which is dispensable for zoite entry
into cells. Indeed, effectively silencing annexin-2 expression in
host cells by RNA interference did not affect Toxoplasma tachy-
zoite entry (Figure S3), and Plasmodium sporozoites best invade
HepG2 cells in vitro, which lack annexin-2 (Puisieux et al., 1996).
These data do not exclude, however, a role of the F-actin struc-
ture at the MJ during the late steps of pinching off of the PV, or of
PV motility away from the plasma membrane.
In eukaryotic cells, spontaneous actin nucleation is kinetically
unfavorable and is initiated by actin-nucleating factors. The
Arp2/3 complex is a conserved actin nucleator, abundantly
recruited at sites of dynamic actin remodeling, and essential
for the formation of many F-actin-based structures (Chhabra
and Higgs, 2007). The role of the Arp2/3 complex during zoite
entry was investigated by expression of dominant-negative
ScarWA constructs, which sequester the Arp2/3 complex.
Expression of the ScarWA peptide led to a 20% and 25% reduc-
tion in Toxoplasma tachyzoite and Plasmodium sporozoite inva-
sion, respectively. These only partial effects are probably due, at
least in part, to the incomplete inhibition of the Arp2/3 complex
activity by these approaches, given the abundance of the
complex (Higgs and Pollard, 2001). In fact, the same treatments
failed to inhibit the entry of L. monocytogenes into host cells,
known to depend on the Arp2/3 complex (Sousa et al., 2007).
Silencing of up to 90% of the Arp3 protein expression in fibro-
blasts decreased the intracellular motility of L. monocytogenes,
but had no effect on bacterial entry into cells (Di Nardo et al.,
2005). Further introduction of N-WASP dominant negative
constructs in these cells still failed to abolish PDGF-induced
membrane ruffling (Di Nardo et al., 2005), highlighting the
difficulty to inhibit Arp2/3-dependent actin polymerization
processes. It is likely that zoite entry, which relies on localized
and transient actin remodeling in the host cell, is particularly diffi-
cult to impair with the available methods. In addition, RNA inter-
ference experiments indicate that cortactin plays a significant
role in Arp2/3 activation during Toxoplasma tachyzoite, but not
Plasmodium sporozoite, invasion. This suggests that each api-
complexa zoite might deploy specific actin polymerization strat-
egies. Finally, the potent class I NPF N-WASP is likely not
involved in the Arp2/3 activation at the MJ since N-WASP
knockout fibroblasts and wild-type MEF fibroblasts are invaded
equally efficiently by Toxoplasma tachyzoites (Figure S4).
A central feature of zoite entry is the kinetics of organization
and disorganization of the MJ-associated F-actin scaffold thatost & Microbe 5, 259–272, March 19, 2009 ª2009 Elsevier Inc. 265
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including the nascent integrin-containing focal contacts and
cadherin-mediated adherens junctions. Host cell invasion by L.
monocytogenes requires tens of minutes with Arp2/3 recruit-
ment and actin polymerization peaking at 30 and 45 min, respec-
tively (Sousa et al., 2007). Zoite products secreted into the host
cell cytosol during early zoite-cell contacts may also accelerate
Arp2/3-mediated processes. Such products might remove
barbed-end actin-capping proteins from pre-existing filaments,
sever filaments, and expose new free barbed ends, or dese-
quester actin monomers/oligomers. The activities of the nucle-
ation-promoting factors are regulated by small RhoGTPases
(Ridley, 2006), which coordinate actin polymerization in space
and time and might also constitute good targets for the zoite.
The model of Arp2/3-initiated actin polymerization in the host
cell during zoite entry implies that the MJ is a trans-cellular
bridge extending from parasite actin to host actin. The nature
of the molecular bridge between the two actin scaffolds,
however, is unclear. The trans-membrane link to host actin
may be a host cell receptor. Given the wide variety of host cell
types that zoites can invade, such a receptor would be expected
to be structurally conserved and ubiquitously expressed. Attrac-
tive candidates would be those capable of directly triggering
actin filament nucleation via their cytoplasmic tails upon
outside-in signaling, such as integrins present in nascent focal
contacts (DeMali et al., 2002) and E-cadherins present in
nascent adherens junctions (Kovacs et al., 2002; Helwani
et al., 2004). Several bacterial surface proteins are known to
bind such receptors and to trigger actin polymerization and
bacterial entry via a zipper-like mechanism, such as the Invasin
protein of Yersinia spp. that binds to b1 integrins (Isberg et al.,
1987; Tran Van Nhieu and Isberg, 1993), or the InlA protein of
L. monocytogenes that binds E-cadherin (Mengaud et al.,
1996). Alternatively, the receptor might be of parasite origin
and inserted by the zoite into the host cell plasma membrane
during the early zoite-cell contacts, a hypothesis that would
also explain why zoites invade many different cell types with
similar efficiencies. Such a scenario occurs with the entero-
pathogenic and enterohaemorrhagic Escherichia coli (EPEC
and EHEC, respectively) that intimately attach to intestinal
epithelial cells. They induce the formation of F-actin-rich
‘‘pedestals’’ by inserting the translocated intimin receptor (Tir)
into the host cell plasma membrane, which in turn recruits host
factors including cortactin, leading to activation of the Arp2/3
complex (Cantarelli et al., 2000; 2002).In conclusion, the data presented here show that apicom-
plexan zoites depend on host actin polymerization for efficient
internalization into host cells. We propose that zoites activate
the Arp2/3 complex and reorganize host actin for anchoring
the MJ to the actin cytoskeleton, thus ensuring optimal stability
of the junction and effective traction of the zoite upon motor
engagement. Given the spectacular kinetics of host actin reorga-
nization induced by zoites, the molecular basis of this unique
subversion might reveal interesting insights into the dynamics
of membrane-associated actin in mammalian cells.
EXPERIMENTAL PROCEDURES
Parasites and Cell Culture
Human foreskin fibroblastic cells (HFF), normal rat kidney cells (NRK), human
epithelial cells (HeLa), human astrocytic cells (U373), and human hepatocar-
cinoma (HepG2) cells were grown in Dulbecco’s modified medium (DMEM)
supplemented with glutamax, 5% heat-inactivated fetal calf serum (FCS),
penicillin (100 U/ml), streptomycin (100 mg/ml), and 10 mM HEPES at 37C
in a 95% O2, and 5% CO2 atmosphere. T. gondii RH, GFP-RH, and CytD-
resistant (clone 2A4) strains were propagated on HFF cells (Roos et al.,
1994). P. berghei sporozoites (fluorescent wt GFP@HSP70 or spect2 mutants)
were collected by dissecting salivary glands of Anopheles stephensi mosqui-
toes 20 days after infection. For the jasplakinolide and mycalolide B (Alexis
Biochemical) experiments, U373 cells were seeded at 3 3 105 cells per
well in a 6-well plate 24 hr before drug treatment and invasion assays.
For the Arp2/3 titration and cortactin-silencing experiments, HeLa cells
were seeded in a 6-well plate at a density of 2.5 3 105 and 1.5 3 105 cells,
respectively.
T. gondii Tachyzoite and P. berghei Sporozoite Invasion Assays
Cells were plate on poly-l-Lysine-coated glass coverslips in a 24-well plaque at
a density of 4 to 63 104 cells in culture medium. At a multiplicity of infection
(moi) of 5–10 tachyzoites or 1–2 spect2 sporozoite(s) per cell, we synchronized
invasion by gently centrifuging the parasite-containing suspension onto cells
(2.5 min, 250 g, 23C). The plaque was immediately held on a 37C prewarmed
heater-bloc. Three to six minutes later, cells were fixed with 4% PFA in PBS
(20 min, 23C), and treated for immunofluorescence analysis. To video record
zoite invasion in GFP actin-expressing host cells, cells were plate on 3.5 cm
diameter dish (MatTek) with a bottom glass coverslip designed for epifluores-
cence videomicroscopy. Invasion assays in Myc, Myc-W Myc-WA expressing,
in cortactin-silenced, and in N-WASP KO cells as well as in cells exposed to
actin-poisoning toxins were all carried out at a moi of 2–3 tachyzoites and 1
sporozoite per cell. Parasites were let to settle by gravity and to invade their
target cells for different times depending on the experiment.
Immunolabelling,Microscopy, and Image Analysis
Following fixation, samples were incubated with PBS-BSA 2% (Fraction V,
SIGMA) (20 min, 23C) as a saturating buffer and all reagents subsequently
used were diluted in this buffer. T. gondii was stained with anti-P30Figure 5. Jasplakinolide Treatment of Host Cells Inhibits Zoite Entry
(A–C) Cells were incubated with increasing doses of jasplakinolide and washed and incubated with T. gondii tachyzoites orP. berghei SPECT() sporozoites; and
F-actin was stained with Alexa 488-phalloidin after jasplakinolide washout (T = 30 min; A, transmission; B, fluorescent phalloidin) or after the invasion assay (T =
45 min, C). The right panel shows that phalloidin staining was fully recovered 16 hr after removal of the drug. Scale bar, 10 mm.
(D) Percentages of intracellular and host cell-bound tachyzoites for 500 cells (mean ± SD from one representative out of five independent experiments).
(E) Percentages of intracellular and half-in/half-out P. berghei SPECT() sporozoites (mean ± SEM for three separate experiments each performed in duplicate).
(F) Numbers of L. monocytogenes internalized in U373 cells after 1 hr incubation, assessed by a gentamicin assay (mean ± SEM for three separate experiments
each performed in triplicate).
(G) Bacteria were stained with anti-R11 polyclonal antibodies and F-actin comets behind motile bacteria were stained by Alexa Fluor 488-phalloidin.
(H–J) Cells were treated with increasing doses of mycalolide B and, after washing the drug out, were incubated with zoites. Intracellular parasites were scored
using the ‘‘in-out’’ labeling assay. In (H), merge of transmission and fluorescence microscopy is shown; note that the host cell shape changed when exposed to
mycalolide B but P30-positive extracellular tachyzoites still bound to the host cells. In (I), percentages of intracellular and host cell-bound tachyzoites for 300 cells
(mean ± SEM from three independent experiments). (J) shows the percentage of intracellular GFP-expressing sporozoites in 50.000 cells counted per treatment
(mean ± SEM from two separate experiments).
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Host Cell Actin Assembly during Apicomplexa EntryFigure 6. Arp2/3 and Cortactin Staining at the MJ during T. gondii Tachyzoite Entry into Host Cells
(A) Anti-Arp2/3 P34 subunit antibodies were used to stain serum-starved U373 cells before (left panel) and after (right panel) stimulation with 10 nM EGF. Scale
bar, 10 mm.
(B–F) The Arp2/3 complex was recruited at the MJ throughout T. gondii tachyzoite entry into U373 (B and C) and NRK (D–F) cells, while annexin-2 was not (L
and M). Pseudocolor applied to the annexin-2 Z image showed no increase in signal intensity at the MJ (L, right panel). The Arp2/3 nucleation promoting factor
cortactin is also specifically enriched at the MJ during T. gondii tachyzoite entry into NRK (G), HeLa (H), and U373 (I–K) cells, and delineated the nascent and newly
formed PV (G, I–K). Extracellular and invading zoites were labeled with anti-P30 antibodies prior to Triton X-100 permeabilization and Arp2/3 or cortactin labeling.
Images represent Z sections of 0.2 mm. In (E) and (K), TIRFM was used to specifically illuminate a narrow region at the zoite-NRK cell interface. Scale bar, 5 mm.monoclonal antibodies (clone TP3, Novocastra, 1:600) followed by incubation
with Alexa Fluor594 anti-mouse antibodies (IgG [H+L], HCA, Molecular Probes,
1:1500). P. berghei was stained with anti-CS protein antibodies (Clone 3D11,
1:500) conjugated to Alexa Fluor 568. Cells were then permeabilized with
0.5% Triton X-100 in PBS (5 min, 23C) and incubated in the blocking buffer
and with the following reagents: polyclonal anti-p34-Arc/ARPC2 antibodies
(Upstate, 1:150), anti-cortactin antibodies (Clone 4F11, Upstate, 1:150), anti-
annexin-2 polyclonal antibodies, 1:600) followed by Alexa Fluor 488 anti-rabbit
or anti-mouse secondary reagents (IgG [H+L], Alexa Fluor 488 phalloidin268 Cell Host & Microbe 5, 259–272, March 19, 2009 ª2009 Elsevie[Molecular Probes, 1:50], and Hoechst 3342 [SIGMA] (50 mg per ml, 5 min,
23C). Samples were mounted in Mowiol 4-88 (Calbiochem). Images were
acquired under confocal laser microscope (TCS SP2 AOBS, Leica) and
analyzed with Image J software (W. Rasband, NIH, Bethesda, MD) and Adobe
Photoshop software. Quantitative analysis on parasites was performed under
an Axiovert II fluorescence microscope (Zeiss). Movies with GFP-expressing
host cells were recorded on an Axiovert II epifluorescent microscope equipped
with a thermostatic chamber (Zeiss) heated at 37C supplemented with CO2,
and images were analyzed with Metamorph software (Universal Imagingr Inc.
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Host Cell Actin Assembly during Apicomplexa EntryFigure 7. Functional Roles of Arp2/3 and Cortactin during T. gondii Tachyzoite and P. berghei Sporozoite Entry into Host Cells
(A and B) Arp2/3 titration in HeLa and HepG2 cells impair invasion by T. gondii tachyzoites (A) and P. berghei sporozoites (B), respectively. Cells were transfected
with Myc, Myc-W, and Myc-WA constructs and incubated with zoites 20 hr later. In (A), extracellular tachyzoites were selectively labeled with anti-P30 antibodies
while parasite nuclei were stained by Hoechst dye, and the number of intracellular parasites was evaluated in 500 cells (mean ± SD from one representative out of
three independent experiments, *: significant difference; Student test, p < 0.05). In (B), invasion of HepG2 cells by GFP-expressing P. berghei sporozoites and
expression of Myc-tagged proteins were scored by flow cytometry (n = 100.000 cells counted for each sample), and the invasion rates were measured (mean of
three independent experiments ± SEM).
(C) The number of internalized L. monocytogenes in HeLa cells was assessed by a gentamicin protection assay and serial dilutions of bacteria plated on agar
(mean ± SEM for two separate experiments each performed in triplicate).
(D–F) Cortactin knockdown differentially affects cell invasion by tachyzoites and sporozoites. On the left, the number of intracellular tachyzoites in 500 cells was
evaluated in HeLa cells silenced for cortactin expression (mean ± SEM from three independent experiments); shown on the right is the FACS profile of siRNA-
transfected HeLa cells infected by GFP-expressing tachyzoites (**p < 0.01%, statistically significant). Top inset shows the level of cortactin expression in HeLa
cells 3 days post transfection without siRNA (control), irrelevant siRNA (GFPsiRNA), or siRNA-targeting cortactin (cortisiRNA) evaluated by western blotting. In (E),
the percentage of siRNA-transfected HepG2 cells invaded by GFP-expressing sporozoites is scored by flow cytometry (mean ± SEM for two experiments; NS p <
0.5%, not significant). Top inset shows the level of cortactin expression in HepG2 cells 3 days post transfection evaluated by western blotting and using a GAPDH
loading control. In (F), the number of internalized L. monocytogenes in HeLa cells was assessed by a gentamicin protection assay and serial dilutions of bacteria
plated on agar (mean ± SEM for two separate experiments each performed in triplicate).
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Host Cell Actin Assembly during Apicomplexa EntryCorporation). In movies recorded in multiple Z layers, samples were observed
under a high-speed spinning disk confocal system (Ultraview ERS, Perkin
Elmer) mounted on an inverted Axiovert 200 microscope (Zeiss) with an
Orca II ER camera (Hamamatsu).
Cell Transfection and Cytometry Analysis
HeLa cells (70% confluent) were transfected with 2 mg of Myc-empty vector,
Myc-W, and Myc-WA constructs using the Jet-Pei transfection reagent as rec-
ommended by the manufactor (Q-Biogene). Twenty hours later, invasion
assays were carried out and quantitation of intracellular tachyzoites for 500
cells were performed in triplicates by selective labeling of extracellular tachy-
zoites with anti-P30 antibodies and Hoechst staining of all parasite nuclei.
Subconfluent HepG2 cells were transfected (106 per transfection) with the
same doses of plasmids using the Amaxa system according to the provided
manufacturer’s protocol. Due to low level of infection, invasion of GFP-
expressing P. berghei sporozoites and expression of Myc-tagged proteins
were scored by flow cytometry (n = 100.000 cells counted for each sample).
Data were collected using a FACSCalibur flow cytometer and analyzed with
FlowJo version 8.7 software. For the cortactin silencing experiments, cells
were transfected at50% confluency with or without 100 nM siRNA duplex tar-
geting cortactin (Sauvonnet et al., 2005) (Eurogentec) or with siRNA that did not
target a gene (siGFP) and using OligoFectamine (Invitrogen). Cells were then
incubated for 3 days in culture medium supplemented with 2% FCS. The level
of cortactin expression was analyzed by western blotting while invasion assays
were carried out as specified above with parental or GFP-expressing parasites.
We scored Toxoplasma invasion using either the ‘‘in-out’’ labeling assay
(parental parasite stain) or the FACS analysis (GFP-expressing parasite strain)
with Cytomics TMFC 500 equipped with the Cytomics RXP software (Beckman
Coulter).Plasmodium invasion (GFP-expressing parasite strain) was quantified
counting 100.000 cells per treatment.
Listeria Invasion and Motility Assays
L. monocytogenes LO28 strain was grown in brain heart infusion (Difco labo-
ratories). Invasion assays were performed in 6-well plate using the gentamicin
survival assay (10 mg per ml, 3 hr) (Mengaud et al., 1996). In the relevant exper-
iments, cells grown on coverslips were fixed in 4% PFA in PBS and treated for
immunofluorescence analysis. Following permeabilization with 0.5% Triton
X-100 in PBS (5 min, 23C), bacteria were labeled with a serum against
heat-killed L. monocytogenes strain LO28 (named R11, 1:600, 1 hr, 23C)
and appropriate secondary reagents while comets were visualized by Alexa
Fluor 488 phalloidin (1:50, 1 hr, 23C).
Cell Extracts and Western Blotting
HeLa and HepG2 cells were collected from a well in a 6-well plate 3 days post-
transfection with siRNAs. Cells were solubilized in 100 ml of 50 mM HEPES
pH 7.0, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, and 1% Triton X-100 supple-
mented with protease inhibitor cocktail (SIGMA) (20 min, 4C). After clarifica-
tion (20.000 g, 20 min, 4C), proteins from the supernatant were dosed using
the Bradford method. Sixty micrograms of proteins were loaded in each well
and separated by SDS PAGE (12.5% acrylamide gel). Western blotting was
performed using ECL+ as detection system (GE) (Delorme et al., 2003). Anti-
cortactin (clone 4F11), Anti-a tubulin (clone DM 1A), and anti-GADPH (clone
FL-335) antibodies were used at 1: 5000, 1:2000, and 1:5000, respectively.
HRP-conjugated mouse antibodies were used at 1:10.000. The signal intensity
was quantified using ImageJ software.
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